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We analyse the phenomenology of a model of neutrino masses inspired by unification into E6 in
which the exotic neutrinos can be present at low scales. The model introduces vector-like isosinglet
down-type quarks, vector-like isodoublet leptons, neutrino singlets and two Z′ bosons. The seesaw
mechanism can be achieved with exotic neutrino masses as low as 100 GeV and Yukawa couplings of
order 10−3. We find that the lightest Z′ boson mass is required to be above 2.8 TeV, the exotic quark
masses are required to be above 1.3 TeV (810 GeV) if they are collider stable (promptly decaying),
and the exotic lepton mass bounds remain at the lep value of 102 GeV. The model also presents a
type-ii two-Higgs-doublet model (2hdm) along with two heavy singlet scalars. The 2hdm naturally
has the alignment limit enforced thanks to the large vacuum expectation values of the exotic scalars,
thereby avoiding most constraints.
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2I. INTRODUCTION
The origin of neutrino masses and their unusually small values in comparison to the other fermions of the Standard
Model (sm) are still mysteries in particle physics. The seesaw mechanisms provide an elegant way of generating small
masses by introducing either heavy fermions (Type-i [1–4] and Type-iii [5]) or heavy scalars (Type-ii [6–11]). The first
of these models is notoriously difficult to probe experimentally as either the masses of the new particles are out of the
reach of current experiments, or they are too weakly coupled to the sm. The type-ii and type-iii models are more
testable because of their gauge interactions, but the purest incarnation of the seesaw mechanism would still place
the new particles beyond the reach of the lhc because of their generically very large masses. Variations which bring
the new physics into the experimentally testable regime are therefore of considerable interest. In this vein, Cai et al.
presented in Ref. [12] a seesaw model inspired by unification into E6 [13–16] which is realized at scales testable at the
Large Hadron Collider (lhc). The purpose of this paper is to explore the rich phenomenology of this model in detail.
In the model, the realization of a TeV-scale seesaw mechanism is achieved thanks to the multiple heavy counterparts
of the light sm neutrinos. In addition, new exotic charged leptons and quarks are introduced in order to complete the
27 representation of E6, and two Z
′ bosons arise from the U(1) gauge groups remaining after E6 breaking. In order to
generate the necessary masses of the exotic fermions, two scalar singlets are also introduced in this model.
The paper is organized as follows: in section II, we introduce the particle content of the model in order to realize the
seesaw mechanism and show in section II A how the introduction of additional scalars can allow the gauge couplings to
unify at the grand unified theory (gut) scale. In section II B, the issue of having possibly long-lived coloured particles
is addressed and section II C explicitly looks at the realization of the light neutrino masses and the mixing between sm
and exotic neutrinos. In section III, collider constraints are recast for the various new particles introduced in this
model.
II. THE MODEL
The model is inspired by grand unification of the sm gauge group into E6, which has the subgroup chain
E6 ⊃ SO(10)⊗U(1)ψ
⊃ SU(5)⊗U(1)χ ⊗U(1)ψ =: G5. (1)
The sm fermions within each generation can transform under the 27 irreducible representation (irrep) of E6 which
decomposes into the following irreps of G5:
27→ (1)(0,−4) ∈ 1SO(10)
+ (5)(2, 2) + (5)(−2, 2) ∈ 10SO(10)
+ (1)(−5,−1) + (5)(3,−1) + (10)(−1,−1). ∈ 16SO(10)
The sm fermions are contained within the last two terms above and will be denoted by ψ10 and ψ5. The singlet of
16SO(10) is an exotic singlet neutrino ψ1. The remaining 5, 5 and 1 irreps contain only exotic particles: 1 corresponds
to an additional singlet neutrino χ1, while χ5 ∼ (5)(2, 2) and χ5 ∼ (5)(−2, 2) contain a vector-like isosinglet down-type
quark B and a vector-like lepton isodoublet R = (νr, r). The gauge charges of all the fermions are summarized in
table Ia.
The Yukawa terms of the sm originate from coupling χ27χ27 to a 27 irrep of scalars. The scalar 27 decomposes
similarly to the fermions and contains two Higgs doublets in the 5 and 5 irreps from 10SO(10). The allowed couplings
between these two Higgs doublets and the sm fermions gives rise to a type-ii two-Higgs-doublet model (2hdm).
While we have motivated the particle content using representations of E6, we emphasize that this model is only
inspired by that unification group, and thus does not comply with every restriction it would impose. We do, however,
make contact with E6 whenever appropriate in order to set up a possible eventual derivation from a complete unified
theory.1
In order to ensure that the exotic fermions in χ5,5 are sufficiently heavy, it will also be assumed that Φ1 [from the
1SO(10) – see table Ib] gains a nonzero vacuum expectation value (vev) generating an appropriately large mass term.
The Higgs doublets residing in the H5 ∼ (5)(2, 2) and H5 ∼ (5)(−2, 2) quintuplets are, of course, required to gain
1 To understand what may be involved in achieving a full E6 realization, see for example Refs. [17, 18].
3SU(5) U(1)χ U(1)ψ
ψ10 10 −1 −1
ψ5 5 3 −1
ψ1 1 −5 −1
χ5 5 2 2
χ5 5 −2 2
χ1 1 0 −4
(a) Fermionic fields
SU(5) U(1)χ U(1)ψ
H5 5 2 2
H5 5 −2 2
Φ1 1 0 −4
Φ2 1 5 5
Φ3 1 5 −3
(b) Scalar fields
Table I: Transformation properties of the matter content under G5. The sm fermions are contained within ψ10 and ψ5.
The H5,5 contain the two Higgs doublets from the type-ii 2hdm. Other than Φ2,3, all particles originate from the 27
irrep of E6. It is possible to obtain Φ2 and Φ3 from the 351 and 78 irreps of E6 respectively.
electroweak-scale vevs and masses. All other scalars from the decomposition of 27 will be absent in our gut-inspired
theory, as will the color-triplet partners of the Higgs doublets in H5,5.
At the G5 scale, the Yukawa couplings are
LYuk = yuH5ψ10ψ10 + ydH5ψ5ψ10
+ yxuH5χ5χ1 + yxdH5χ5χ1
+ yνH5ψ5ψ1 + y1Φ1χ5χ5 + h.c.,
(2)
and below the G5 scale, the last term splits
y1Φ1χ5χ5 → y1dΦ1BB + y1`Φ1RR. (3)
In these equations, E6 and SU(5) restrictions on the Yukawa coupling constants are not imposed.
In order to produce seesaw-suppressed neutrino masses, it turns out that an additional Yukawa interaction,
y2Φ2χ1ψ1 + h.c., (4)
must be introduced. The required additional scalar Φ2 must transform as (1)(5, 5) under G5 and can originate from
the 351 irrep of E6. The scalars introduced and their transformation properties under G5 are presented in table Ib.
(The role of Φ3 will be discussed in section II B.)
A. Gauge Unification
Grand unified theories (guts) are generally motivated in the context of supersymmetry because the contribution of
the extra Higgs doublet and the superpartners to the renormalization group running of the gauge coupling constants
ensures that they obtain a common value at a phenomenologically acceptable gut scale. Furthermore, the naturalness
problem posed by the large hierarchy between the gut and electroweak scales can be avoided. The model studied in
this paper is, however, nonsupersymmetric and thus the particle content has to be adjusted in order that unification can
still be achieved. Despite the model being only inspired by E6 grand unification, we pause to analyse how acceptable
gauge coupling constant unification could in principle arise.2 We will be considering a direct breaking of E6 directly to
the sm gauge group at the high scale with no intermediate scale.
With only the vector-like fermions χ5,5, the doublets from H5,5, and Φ1 and Φ2 contributing, the running of the
gauge couplings do not unite exactly, with g2 = g3 ≈ 0.6 at a scale of 1016 GeV while the hypercharge coupling constant
g1 ≈ 0.7. In order to achieve unification, or near-exact unification, additional scalars that do not fill out complete
SU(5) representations can be introduced at some intermediate energy scale. We demand full unification of the sm
gauge coupling constants and the coupling constants g4 and g5 of U(1)χ and U(1)ψ, respectively. All the U(1) coupling
constants are normalized as if they are embedded in E6.
One way that unification can be achieved is by invoking additional SU(2) doublets. As we are already using the
Φ2 from the 351 irrep of E6, we may assume that additional scalars from this multiplet (which do not gain vevs)
2 In our gut-inspired effective scenario, the potential naturalness problem is not too severe because all of the new particles have masses of
at most several TeV. Of course, a gut completion would have a problem.
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Figure 1: Running of the gauge coupling constants with energy scale calculated at one-loop order. The solid curves
show the running when additional scalars charged under SU(3) are considered as per eq. (6), while the dashed curves
consider only the SU(3) singlets of eq. (5). The additional states used to achieve unification are all introduced at
20 TeV.
also survive to lower scales so that they contribute to the renormalization group running. An example that achieves
unification without the introduction of colored states uses scalars in the representations:
(1,2)(3, 3,−1), (1,2)(3,−2, 2),
(1,2)(−3, 2, 2), (1,2)(−3, 7,−1),
(1,2)(−3,−3, 5),
(5)
all being introduced at 20 TeV, a scale chosen for the sake of definiteness. This option, however, results in a low
unification scale of 1014 GeV which would be at odds with bounds from proton decay in the context of a hypothetical
gut completion.
This issue can be rectified by altering the running of the SU(3) coupling constant such that the unification occurs at
a higher scale. In particular, the combination of
(3,2)(1, 1, 5), (3,2)(−1,−1,−1),
(1,2)(3,−2, 2), (6,2)(−1,−1,−1), (6)
all introduced at 20 TeV results in a very good agreement between all five gauge coupling constants above 1016 GeV.
As before, these additional scalars can all originate from the 351 irrep of E6. The solutions of the regnormalization
group equations (rges) in both cases are depicted in fig. 1. These were calculated using SARAH [19] at one-loop
order, and then numerically evaluated using SPheno [20] and FlexibleSUSY [21]. Note that despite the differences
at high scales, the low-scale phenomenology remains mostly unchanged with the coupling constants for U(1)χ and
U(1)ψ evolving to nearly the same low-energy values in both cases. Contributions arising at two-loop order to the rge
running were also investigated, but found to not alter the unification significantly.
Note that fig. 1 does not appear to exhibit exact coupling constant unification, but that is merely because of some
simplifying assumptions. We have taken E6 to break to the sm in one step, rather than through a cascade involving
SO(10) and SU(5) at intermediate scales. Also, threshold effects have been neglected. Removing these simplifications
will allow full unification to occur, given that the convergence of the coupling constants is already quite precise in our
simplified analysis.
In any gut completion, proton decay would be mediated at least through the X and Y gauge bosons, resulting in a
proton lifetime at tree level of
τp ∼ 1
g4
m4X,Y
m5p
. (7)
The X boson mediates the decay p → e+pi0, while the Y boson can mediate both p → e+pi0 and p → νK+. The
X and Y bosons gain their masses from the scalar that is responsible for breaking SU(5) into the sm gauge groups,
5leading to mX,Y = gvgut/
√
2. Using an estimate from Ref. [22] of the proton lifetime that is more accurate than
eq. (7), one obtains
τp ≈
{
5.2× 1026 yr vgut ∼ 1014 GeV
3.3× 1037 yr vgut ∼ 1016 GeV , (8)
using our value of the gauge coupling constant g at the unification scale. At present, Super-Kamiokande has found
that τ/Br(p → e+pi0) > 8.2× 1033 yr [23], and KamLAND has found that τ(p → νK+) > 5.4× 1032 yr [24]. Thus
the scenario of eq. (6) is clearly phenomenologically allowed.
B. Decay of Exotic Quarks
The exotic quarks in χ5,5 pose a problem in this model as they cannot decay at tree level. In a gut completion of
this model, the decay can take place through the coloured components of H5,5 quintuplets, though the decay width
will remain small as the coloured Higgs components are required to be extremely heavy in order to evade constraints
from proton decay. Having long-lived coloured exotic particles is problematic as it interferes with nucleosynthesis and
as a result, the lifetime of the exotic quarks needs to be less than 0.1 s [25, 26].
At dimension five (d5), the only gauge-invariant term contributing to the decay of the exotic quarks is
Ld5 ⊃ 1
Λ
Φ†1Φ
†
2χ5ψ5 (9)
which introduces mixing between the sm and exotic down-type quarks. We will be assuming that the mixing is confined
within each generation so that it is sufficient to consider the 2× 2 mixing:
Ld−B =
(
dl Bl
)(md 0
v1v2
2Λ mB
)(
dr
Br
)
+ h.c. (10a)
=
(
d
′
l B
′
l
)
Ul
(
m′d 0
0 m′B
)
U†r
(
d′r
B′r
)
+ h.c., (10b)
where the primed fields denote the mass eigenstates, and md and mB are the original masses generated from the
Yukawa interactions with the Higgs and Φ1 respectively. This mixing introduces a small mass correction to the two
original masses:
m′d −md = −
1
2
(v1v2
2Λ
)2 md
m2B
, (11a)
m′B −mB =
1
2
(v1v2
2Λ
)2 1
mB
. (11b)
For the parameters investigated, the resulting correction to the down-type sm quarks is about 1 part in 1010 at most.
We are taking Λ to be the gut scale, 1016 GeV.
The d–B quark mixing introduces new terms allowing for the exotic quarks to decay to Wu, Zd and Hd and
resulting in a decay width
Γd5(B) ∼
(v1v2
2Λ
)2 1
mB
. (12)
The tree-level partial widths are described in the appendix, along with the relevant couplings to the W and Z
gauge bosons, and the Higgs boson. In collider searches, we will be primarily interested in final states involving
third-generation sm quarks, in which case the branching fractions as functions of the exotic quark mass are plotted in
fig. 2 assuming the benchmark configuration of vevs described in section III A (v1 = 23 TeV, v2 = 25 TeV).
In order to satisfy the Big Bang nucleosynthesis (bbn) constraint, v1,2 must be at least in the low TeV range;
however due to the decreased d–B mixing with larger mass separation, there is an upper bound on the exotic quark
masses for a given v1 and v2. In particular, the benchmark configuration of vevs requires that mB < 3 TeV as can be
seen in fig. 3. The remaining range of allowed masses results in collider-stable exotic quarks.
In Ref. [12], an additional scalar Φ3 was introduced in order to facilitate the decay of the exotic quarks in case the
vevs of Φ1 and Φ2 were insufficient to satisfy the bbn constraints. The quantum numbers of Φ3 are shown in table Ib,
and it introduces the following additional d5 terms that facilitate the decay of the exotic quark:
Ld5 ⊃ 1
Λ
[
Φ1Φ
†
3χ5ψ5 + Φ3H5χ5ψ10
]
. (13)
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Figure 2: Decay branching ratios of the third generation exotic quark into third generation sm quarks. In the solid
lines, the vev of Φ3 is taken to be 10
9 GeV so that the exotic quarks decay promptly. The dashed lines indicate the
branching ratios in the absence of Φ3. Decays mediated by virtual particles are not included.
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Figure 3: Lifetime of the exotic B quarks for the benchmark vev configuration from section III A. In red is the upper
bound on the lifetime of the exotic quarks due to bbn [25, 26].
The first term introduces another contribution to the off-diagonal entry in the mass matrix in eq. (10a), while the
second term introduces direct coupling between the Higgs, bottom quark and exotic quark after Φ3 gains a vev. As
this last term is not suppressed by the decreased mixing that accompanies larger d–B mass separations, the decay
B → Hd becomes the dominant decay mode for heavy exotic quark masses and scales according to
Γd5(B → Hd) ∼
(v3
Λ
)2
mB . (14)
The branching fraction to B → Hd reaches 90 % at mB = 1.7 TeV and 95 % at 2.6 TeV for the benchmark configuration
of vevs and v3 = 10
9 GeV.
7C. Neutrino Masses and Mixing
Below the electroweak scale and remaining in the one-generation approximation, there are five neutral fermions
which will mix and generate the seesaw mechanism. Their mass matrix in the (ψ5, ψ1, χ5, χ5, χ1) basis is
Mν =
1√
2

0 −yνvu 0 0 0
−yνvu 0 0 0 y2v2
0 0 0 y1`v1 −yxuvu
0 0 y1`v1 0 −yxdvd
0 y2v2 −yxuvu −yxdvd 0
 . (15)
The different signs within the mass matrix arise due to the differences in the SU(2) contractions. For example, the sm
neutrino mass term with SU(2) indices explicitly written is
yνH
α
uL
β
ψ1εαβ ≡ yν
[
H−u el −H0uνl
]
ψ1. (16)
In the case of the y1` and y2 Yukawa terms, the sign is positive because all fields are SU(2) singlets.
With v1 and v2 both much larger than vu,d, one mass eigenstate will be very light, two will be ∼ v1 and two will be
∼ v2. The latter two pairs form pseudo-Dirac fermions with small mass splittings. In the scenario where y1`v1 and
y2v2 are nondegenerate and both larger than all other terms in the mass matrix (eq. (15)), the mass eigenstates of all
the neutrinos are well approximated by:3
mν ≈
√
2y2νyxdyxu
y1`y22
vdv
3
u
v1v22
, (17a)
mN1 ≈
y1`v1√
2
, (17b)
mN2 ≈
y2v2√
2
. (17c)
Alternatively the mass scale of the sm neutrinos can be expressed as
mν ≈ y
2
νyxdyxu
2
v4sm
mN1m
2
N2
cosβ sin3 β, (18)
where tanβ := vu/vd and mN1,2 are taken to be exactly as given in eqs. (17b) and (17c). It should be re-iterated
that, in general, the exact mass eigenstates ought to be calculated from the matrix itself as the above expressions
are only true in certain limiting cases. For example, in scenarios where y1`v1 ∼ v2v2 the above approximations no
longer hold. Additionally, certain small contributions have been omitted in the expressions above as they are generally
insignificant. For example, there are higher-order terms in mν which are suppressed by larger factors of v1,2, and the
two pseudo-Dirac masses in mN1,2 have small contributions proportional to vu,d.
The masses were calculated by setting the Yukawa couplings in eq. (15) at the gut scale and running them down to
low scales using one-loop rges. Due to the smallness of sm neutrino masses, corrections occurring at two-loop order
have a possibility of introducing sizeable corrections to the light neutrino masses, though in our case no such issues
were encountered: the masses of the sm neutrinos received only a minor correction.
Current constraints from Planck place an upper bound of 290 meV on the sum of light neutrino masses [29], while
current best fits on neutrino observables [30] require that the sum of light neutrino masses be at least 60 meV and
100 meV for the normal and inverted hierarchies respectively.
This model easily achieves light neutrino masses on the order of 10 meV while avoiding having extremely small
Yukawa couplings. For example, with tanβ = 10, the values of the product yxuyxdy
2
ν which will generate a neutrino
mass of 50 meV are shown in fig. 4. Even in the case where exotic neutrinos masses are ∼ 100 GeV, we can realize the
desired lightness of the sm neutrinos provided that yxuyxdy
2
ν ≈ (10−3)4.
3 The neutrino mass spectrum per family bears some resemblance to that of the inverse seesaw mechanism [27, 28], in that there is one
very light Majorana eigenstate and, in our case, two very massive pseudo-Dirac pairs, compared to one massive pseudo-Dirac state for
the inverse seesaw. However, there is no analogue in our case of the very small explicit lepton-number-violating parameter typical of the
inverse seesaw mechanism.
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Figure 4: Values of the geometric mean of the four Yukawa couplings which will generate a neutrino mass of 50 meV
assuming that tanβ = 10, as a function of the two exotic neutrino masses. The seesaw mechanism can easily be
achieved with relatively light exotic neutrinos and Yukawa couplings similar to those found in the sm. The white
contour lines show specific values of 4
√
yxdyxuy2ν .
The sm neutrinos mix primarily with ψ1 and χ1, and only negligibly with the neutral components of χ5,5 even if
these are much lighter than ψ1 and χ1 (though still assuming they are significantly heavier than the sm neutrinos)
making it sufficient to consider the simplified neutrino mass matrix,
1√
2
 0 −yνvu 0−yνvu 0 y2v2
0 y2v2 0
 , (19)
when evaluating the mixing between the sm neutrinos and exotic neutrinos.4 In particular, the mixing of sm neutrinos
with exotic neutrinos is largely independent of y1`v1 despite the sm neutrino mass being proportional to 1/y1`v1.
This results in the neutrino mixing and neutrino masses not being as strongly linked as in the conventional seesaw
mechanism, thereby allowing this model to have simultaneously large mixing and quite small mass separations. Another
consequence is that the mixing of the sm neutrino need not be primarily with the lightest exotic neutrino.
This mixing with exotic neutrinos causes the Pontecorvo–Maki–Nakagawa–Sakata (pmns) matrix to deviate from
unitarity which has repercussions for a number of lepton flavour and electroweak observables. Following the notation
of Ref. [31], this deviation from unitarity can be encapsulated in η defined by:
N = (I − η)Upmns, (20)
where N is the matrix describing the mixing between the light neutrino mass eigenstates and the sm charged leptons
via W interactions. In the one-generation approximation, the deviation from unitarity is
2ηαα =
[
1 +
(
y2v2
yνvsm sinβ
)2]−1
. (21)
A global fit to lepton flavour and electroweak data places 2σ upper bounds on
√
2ηee,
√
2ηµµ and
√
2ηττ of 0.050,
0.021 and 0.075 respectively [31]. The allowed parameter space in y2v2–yν is shown in fig. 5 and restricts yν to be at
most 10−2 if both ψ1 and χ1 are around 100 GeV.
4 Note that this simplified matrix is sufficient for analysing the mixing only, but does not describe the sm light neutrino mass eigenvalues
(in fact, they are zero in this approximation).
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Figure 5: Bound on yν and y2v2 due to the deviation from unitarity of the pmns matrix based on a global fit to lepton
flavour and electroweak data by [31]. The region of parameter space above the red line is excluded. The bound takes
the limit tanβ →∞ and assumes that the neutral components of χ5,5 are significantly heavier than the sm neutrinos
(though they need not be heavier than ψ1 and χ1). The white contour lines show specific values of
√
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III. CONSTRAINTS
A. Z′ Bosons
In addition to the photon and the sm Z boson, the model features two new massive neutral gauge bosons originating
from the exotic U(1) gauge groups. The most significant contribution to the exotic gauge boson masses originates
from the large nonzero vevs of Φ1,2, though as the two Higgs doublets are both charged under these new U(1) gauge
groups, some tree-level mixing between the Z ′ bosons and the sm Z boson is introduced.5 The matrix of squared
masses generated by the symmetry breaking is
MZ =
1
4

g21v
2
sm −g1g2v2sm g1g4√5 v2sm −
g1g5
3 v
2
sm cos 2β
−g1g2v2sm g2v2sm − g2g4√5 v2sm 13g2g5v2sm cos 2β
g1g4√
5
v2sm − g2g4√5 v2sm
g24
20 (25v
2
2 + 4v
2
sm)
g4g5
12
√
5
(25v22 − 4v2sm cos 2β)
− g1g53 v2sm cos 2β 13g2g5v2sm cos 2β g4g512√5 (25v22 − 4v2sm cos 2β)
g25
36 (16v
2
1 + 25v
2
2 + 4v
2
sm)
 (22)
The mixing between the sm and exotic bosons introduces a modification to the Z pole mass and couplings to
fermions which have both been measured very precisely, with the Z pole mass measurements significantly constraining
the Z–Z ′ mixing [32]. At tree level, the correction to the Z pole mass in this model is
m2Z,sm −m2Z
m2Z,sm
≈ 4v
2
sm
25v22
+
v2sm
v21
1
(1 + tan2 β)2
, (23)
where m2Z,sm is the sm tree-level Z boson mass, m
2
Z is the tree-level mass in this model, and we are assuming vsm  v1,2.
The Z boson pole mass has been measured accurately at lep with the best fit being 91.1875(21) GeV [33]. In order
5 Note that kinetic mixing also exists but is small and will be neglected. At any high gut scale, there can be no kinetic mixing between
the U(1) gauge groups, but it will be generated at lower scales through radiative corrections. In this model, the result is small with
kinetic-mixing coefficients of order 10−3 for each pair of U(1) gauge groups.
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channel (` = e, µ) based on the analysis in Ref. [42]—lighter Z ′ masses being excluded. The red solid and dashed
lines show the exclusion with y1d = y1` = y2 = 0.5 and y1d = y1` = y2 = 5× 10−3 at the gut scale making the exotic
fermions heavy and light, respectively. The white contours indicate specific values of mZ′ . The point marked by the
diamond indicates the benchmark configuration of vevs investigated in this model.
that the shift to the Z pole be such that the Z pole remain within 1σ of the experimental value, we require that v2 be
larger than 14.5 TeV (taking tanβ →∞).
The shift in the Z pole mass also introduces a shift in the electroweak ρ parameter,
ρ :=
m2W
m2Z cos
2 θW
, (24)
where θW := arctan(g2/g1). The best fit for this parameter was determined by lep to be 1.0050(10) [33], and just as
with the pole mass, requiring that the shift in ρ not exceed the standard deviation of the measured value results in a
lower bound on v2 of 3.1 TeV.
If we demand that the gauge couplings unify at the gut scale, this fixes the interaction of the Z ′ bosons with
Φ1,2 and the other fermions and consequently the masses of both Z
′ bosons are only determined by the vevs of Φ1,2.
Additionally, the decays of the Z ′ bosons are similarly fixed and depend only on the kinematics of the decays (and
consequently the exotic Yukawa couplings).
Depending on the exact masses of the exotic fermions, the lighter Z ′ boson mass is restricted to be above 2.8 TeV to
3.4 TeV as shown in fig. 6.6 This limit on the vev configurations also implies that the heavier Z ′ boson mass be at
least 7.7 TeV. For the remainder of this paper, we will consider the benchmark point v1 = 23 TeV and v2 = 25 TeV
for definiteness. For this configuration, the masses of the two Z ′ bosons are 3.4 TeV and 10.3 TeV. In the future, the
completion of lhc 14 TeV runs could provide enough data to exclude the Z ′ boson mass up to 6 TeV, and prospects at
a 100 TeV collider could place bounds as high as 30 TeV on the Z ′ masses [41].
As the vevs are actually quite large, this will generally result in large masses for Φ1 and Φ2 unless the quartic
coupling constants in the scalar potential are tuned to achieve light masses. Additionally, neither scalar can be easily
produced at the lhc as they couple to neither gluons nor the sm quarks at tree level. In the case of Φ1, it can couple
to gluons through a loop of exotic quarks; however, the effective Φ1gg coupling is generally insignificant as either the
exotic masses are too heavy and suppress the loop factor, or the Yukawa coupling is too small.
6 The production and decay of the Z′ was calculated within MadGraph [34] in conjunction with Pythia [35]. The analyses were recast
using CheckMATE [36] which builds upon the software and algorithms in Refs. [37–40].
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Figure 7: Lower bounds on exotic quark masses. The Yukawa coupling on the top axis assumes v1 = 23 TeV. In red
are the bounds on collider-stable exotic quarks from Atlas [44] and Cms [45], and in blue are the bounds on
promptly decaying exotic quarks from Atlas [46] and Cms [47]. The green line shows the predicted production cross
section of the exotic quarks at the lhc at a centre-of-mass energy of 13 TeV, with the multiplicity from the three
generations taken into account.
B. Exotic Down Quarks
The exotic quarks introduced in this model can be abundantly produced at the lhc thanks to their couplings to
gluons and provide one of the main phenomenological windows into this model. Their detection however depends
primarily on their decay mode which, as discussed in section II B, will be collider-stable in the absence of Φ3.
Specifically, with the benchmark vev configuration, the lifetime of the exotic quarks is ∼ 20 ms for mB ∼ 500 GeV.
With the introduction of Φ3, the exotic quarks can decay promptly provided v3 & 109 GeV.
In the scenario where Φ3 is absent, the exotic quarks hadronize and form colorless hadrons analogous to R-hadrons
after being created. As the hadrons traverse the detector, they leave tracks with large energy losses due to ionization
which have been searched for by both Atlas [43, 44] and Cms [45]. As we are assuming for simplicity that all the
exotic quarks have the same mass, the cross section is enhanced by a factor of 3 leading to slightly more stringent
bounds on the quark mass as shown in fig. 7.
If the scalar Φ3 is introduced (despite not being explicitly needed to satisfy the nucleosynthesis constraint), the
exotic quarks will decay promptly provided v3 & 109 GeV. In this case, searches by Atlas and Cms have nearly
exclusively searched for decays into third-generation sm quarks as the heavy sm quarks provide a way to distinguish
the exotic quark decays from other background events. The resulting limits on exotic quarks depend primarily on the
three decay modes:
B →Wt, B → Zb, B → Hb.
Although the d5 terms allowing for the exotic quarks to decay could have complex flavour couplings, we will assume
that the three generations of exotic quarks decay into sm fermions of their corresponding generations. The branching
ratios to the three final states above are shown shown in fig. 2 where the enhancement of Br(B → Hb) due to the
second term in eq. (13) is evident. The explicit partial widths are listed in the appendix.
The most stringent constraints come from a search by Cms in Ref. [47] which has been particularly sensitive to
decays involving a Higgs, ultimately excluding masses of the third generation below 810 GeV. A more recent analysis
by Cms with data collected at
√
s = 13 TeV has failed to improve the bounds on the exotic down-type quarks [48].
Searches by Atlas have generally been focusing on final states involving a boosted W boson resulting in weaker
constraints on the exotic quarks presented in this model. Their most recent analysis in Ref. [46] restricted the limits of
the third generation of exotic quarks to 650 GeV. Atlas has also conducted a search with light sm quarks in the final
states [49], but this failed to place any constraints on the exotic quarks in this model as the search was insensitive to
B → Hq.
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C. Exotic Leptons & Neutrinos
In the conventional seesaw mechanisms, the new leptons and neutrinos are typically well out of the reach of
present-day experiments. In some circumstances, this can be alleviated by modifying the textures of the Dirac (and
Majorana) mass matrices allowing these models to be experimentally probed more easily [50]. In this E6-inspired
model, the exotic leptons can have electroweak-scale masses while still achieving the desired suppression of the light
neutrino masses. This makes it in principle possible to produce them at the lhc, though in most cases the production
cross section is too small for these states to be observed over the backgrounds.
Searches at lep have limited the masses of the exotic charged leptons to be above 102 GeV [51]. The same analysis
also restricted the masses of exotic neutrinos that decay into a W to also be above 102 GeV. Of the four exotic
neutrinos per generation, only one pair of gauge eigenstates are charged under SU(2), but through mixing, all mass
eigenstates ultimately decay into a W boson (provided it is kinematically allowed) and a charged lepton.
Searches for heavy neutrinos have been conducted by both Atlas [52] and Cms [53–56]. These were performed in
the context of other seesaw models, though in all cases, they selected for events with the topology shown in fig. 8a.
Often, searches look for same-sign leptons and also different-flavour lepton as the sm backgrounds are low in both cases.
Unfortunately, the cross section σ(pp → `N) is generally too small as it is suppressed by the neutrino mixing. As
discussed in section II C, it is possible to have quite a considerable mixing though this is bounded by precision lepton
flavour and electroweak observables. For regions which are not already excluded by lep and the precision observables,
the production cross section at 13 TeV reaches at most 10−3 pb which is too small to be observed at the lhc over the
sm backgrounds.
On the other hand, the production of the exotic lepton doublet can be much larger as it is generally not suppressed
by the neutrino mixing. The topology of the event in this case is more complex, which would consist of two W bosons,
one lepton, and missing ET as shown in fig. 8b. The W bosons could either decay hadronically which would facilitate
the event reconstruction, or they could decay to different-flavour leptons in order to avoid sm background though at
the cost of having several neutrinos in the final state. Nevertheless, the production cross section for this topology is of
order 0.1 pb at best in regions which are not excluded by lep, and falls off very rapidly as the masses of the leptons
are increased.
Although this model does not present a clear way to detect the heavy neutrinos directly, the phenomenology
presented by the remaining exotic particle content can provide indirect bounds on the heavy neutrino masses. In
particular, we have not been imposing that the Yukawa couplings unify at the gut scale, though a complete model
must evidently do so. If we require that y1d = y1` at the gut scale, the bounds on the exotic quarks discussed in
section III B translate to a bound of y1` > 0.040 (mr,mN1 > 650 GeV) in the collider-stable case, and y1` > 0.024
(mr,mN1 > 390 GeV) in the prompt-decay case.
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D. Higgs Sector
The two Higgs doublets contained within the scalar sector correspond to the well-studied type-ii 2hdm (see
Refs. [57, 58] for recent reviews) in which one gauge eigenstate couples to up-type quarks (and neutrinos), and the
other couples to down-type quarks and electrons. The terms of the scalar potential concerning the Higgs doublets are
V = −µ2uH†uHu − µ2dH†dHd + λu(H†uHu)2 + λd(H†dHd)2
+ λud(H
†
uHu)(H
†
dHd) + λ
′
ud(H
†
dHu)(H
†
uHd)− [κΦ1HuHd + h.c.]
(25)
After Φ1 gains a vev, the last term generates the term µ
2
ud := κv1/
√
2 (also referred to as m12 in the literature). As
discussed in section III A, there already exists a lower limit on v1 of ∼ 23 TeV, thus µud can easily be large. Having
said this, the limit κ→ 0 is technically natural as it breaks an accidental global U(1) symmetry,7 and thus it is not
regenerated through radiative corrections and can be small. The (H†uHd)
2 term present in conventional 2hdm models
is forbidden here as it is not gauge invariant under the additional U(1) gauge groups. As a result, the only term which
is capable of introducing CP violation is κ, though we will be taking this to be real.
The pseudoscalar and charged scalar squared masses are
m2A =
κv2sm sin 2β
2
√
2v1
+
√
2κv1
sin 2β
, (26a)
m2H+ =
λ′ud
2
v2sm +
√
2κv1
sin 2β
. (26b)
Additionally, there are two neutral scalars that arise from 2hdm: h and H. One of them is the sm-like Higgs with
mh = 125 GeV and the second scalar will in general be heavier. Their squared masses are
m2h ≈
v2sm
2
[
λd cos
4 β + λu sin
4 β + λud sin
2 2β
]
, (27a)
m2H ≈
√
2κv1
sin 2β
+
v2sm
8
[
λd sin
4 2β + λu sin
4 2β − 4λud sin2 2β
]
, (27b)
assuming that the mixing with the CP -even components of Φ1,2 can be neglected. With the exception of very small
values for κv1 and tanβ, it will in general be the case that mH ≈ mH+ ≈ mA.
The rotation of the Higgs doublets from the gauge basis to the mass basis is described by the angle α, while the
rotation from the gauge basis to the Higgs basis is described by β (which has been defined earlier). The Higgs basis is
defined such that only one (the sm Higgs) contains the vev. The scenario in which the mass eigenstates line up with
the Higgs basis is called the alignment limit8 and corresponds to cos(α− β)→ 0 and deviations from this limit are
strongly disfavoured. In this model, the large vev of Φ1 helps to ensure the alignment limit, with
cos(α− β) ≈ v
2
sm√
2κv1
λu − 2λud
tan2 β
. (28)
The constraints on 2hdm models were most recently collated in Ref. [60]. One of the more stringent constraints
relevant to type-ii models arises from b→ s transitions which are facilitated by the charged Higgs. Specifically, the
latest constraints require that mH+ > 600 GeV for tanβ > 1, and only increase with tanβ < 1.
In the context of collider searches, the pseudoscalar’s coupling to the bottom quarks and τ leptons is enhanced by
larger values of tanβ. This allows for the pseudoscalar to be produced through a loop of b quarks and subsequently
decay to a pair of τ leptons providing constraints up to 1 TeV in the large-tanβ regime. The most restrictive constraints
from Ref. [60] have been recast on the tanβ–κv1 parameter space and are shown in fig. 9, assuming the benchmark
configuration of vevs. Values of κv1 smaller than 60× 103 GeV2 are generally excluded and larger values of tanβ are
favoured.
7 Under this accidental global U(1) symmetry, the charges of Φ1, Φ2, χx,5 and χ1 are −2, 1, 1 and −1 respectively: all other fields remain
uncharged. The d5 term in eq. (9) is forbidden under this symmetry and the d5 terms in eq. (13) are allowed provided Φ3 has charge −1.
8 Ref. [58] refers to this as the decoupling limit (in which the masses of the exotic scalars are much heavier), though as pointed out in
Ref. [59], it is possible to achieve alignment without decoupling.
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the plot is excluded. The bounds were recast from Ref. [60].
IV. CONCLUSION
In this paper, we have explored the phenomenology of the model presented in Ref. [12]. The primary motivation for
this model—the realization of a seesaw mechanism at mass scales testable at the lhc—was achieved without recourse
to exceptionally small Yukawa couplings. The additional neutral fermions required to generate the seesaw mechanism
are motivated by unification into E6 which, in order to complete the 27 irrep, requires the existence of additional
charged leptons and isosinglet quarks as well as two Z ′ bosons. The masses of the exotic fermions are generated by the
vevs v1,2 of two scalar singlets Φ1,2, and the model also presents a type-ii two-Higgs-doublet model.
A significant constraint on this model arises from searches for Z ′ bosons which restrict the lightest Z ′ mass to be
above 2.8 TeV. As the Z ′ mass is generated by v1,2 and the gauge couplings are fixed by requiring that they unify
at the gut scale, the Z ′ bound imposes that v1 and v2 be larger than 18 TeV and 15 TeV respectively. This will, in
general, lead to large masses for the scalar singlets present in this model.
A small amount of mixing between the sm and exotic down-type quarks is generated through a dimension-five term
which allows the exotic quarks to decay before bbn, but results in collider-stable quarks. As the mixing is reduced
with larger mass separations, bbn imposes an upper bound on the exotic quark masses of 3 TeV for the benchmark
configuration of vevs investigated in this model, and collider searches for long-lived particles restrict the masses to be
above 1.3 TeV. In order to facilitate the decay of exotic quarks, the authors of Ref. [12] introduced another scalar
which gains a vev. This can allow the exotic quarks to decay promptly if produced at the lhc in which case searches
place a lower bound on their masses of 810 GeV.
Searches for the exotic leptons at the lhc are unfortunately not feasible as the production cross section is generally
far too small. In particular, if a prompt sm lepton is required, the process is greatly suppressed by the neutrino mixing.
Even the direct production of the exotic charged leptons is generally too small to be seen over the background. As a
result, the bound on the leptons remains at 102 GeV from searches at lep.
Finally, the model also contains a type-ii 2hdm with the addition of a κΦ1HuHd interaction in the potential. The
large vev of Φ1 helps enforce the alignment limit in the model thereby avoiding most constraints that arise from the
2hdm. Values of κv1 below 60× 103 GeV2 are excluded, and larger values of tanβ are favoured.
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Appendix A: B Partial Widths
The mass matrix of the b–B quark is shown in eq. (10a), and can be diagonalized using the two unitary matrices Ul
and Ur as shown in eq. (10b) where the (un)primed fields denote (gauge) mass eigenstates. We are assuming no mixing
between generations so that it is sufficient to deal with a 2× 2 mass matrix. When Φ3 is present, the off-diagonal term
in eq. (10a) becomes (v1v2 + v1v3)/2Λ and for simplicity, we will define f := (v1v2 + v1v3)/2Λ. By taking v3 → 0, we
recover the scenario where Φ3 is absent.
To leading order in f and mb/mB , the two matrices rotating the gauge eigenstates to the mass basis as defined in
eq. (10b) are
Ul =
(
1 f mb
m2B−f mb
m2B
1
)
, Ur =
(
1 f 1mB−f 1mB 1
)
. (A1a)
In the gauge basis, the sm and exotic bottom quark couplings to the W , Z gauge bosons and the Higgs are,
LZ =
(
bl Bl
)
/Z
(
gZl,b 0
0 gZB
)(
bl
Bl
)
+
(
br Br
)
/Z
(
gZr,b 0
0 gZB
)(
br
Br
)
, (A2a)
LW = g2√
2
(
bl Bl
)
/W
(
1 0
0 0
)(
bl
Bl
)
, (A2b)
Lh = h√
2
(
bl Bl
)(yb v3√2Λ
0 0
)(
br
Br
)
, (A2c)
where the couplings to the Z boson are
gZl,b =
1
60
Zi,2

−10g1
30g2
3
√
5g4
5g5

i
, gZr,b =
1
60
Zi,2

20g1
0
9
√
5g4
−5g5

i
, gZB =
1
30
Zi,2

10g1
0
−3√5g4
−5g5

i
. (A3a)
in which Z is the matrix that rotates the neutral gauge bosons into their mass eigenstates [see eq. (22) for the mass
matrix] defined such that  γZZ ′
Z ′′
 = Z
 AyBSU(2)Aχ
Aψ,
 (A4)
gi are the gauge couplings, and yb is the bottom-quark Yukawa. The interactions in the mass basis are then obtained
by appropriately rotating the left and right components with Ul,r, after which the resulting partial widths of the exotic
quarks are
Γ(B′ →Wt) = λ
1
2 (m2B ,m
2
W ,m
2
t )
16pi
mB
m2W
∣∣gˆW ∣∣2[1 + r2W − 2r2t − 2r4W + r4t + r2W r2t ] (A5a)
Γ(B′ → Zb′) = λ
1
2 (m2B ,m
2
Z ,m
2
b)
16pi
mB
m2Z
[
(∣∣gˆZl ∣∣2 + ∣∣gˆZr ∣∣2) (1 + r2Z − 2r2b − 2r4Z + r4b + r2Zr2b)
− 12Re[gˆZl gˆZr ]rbr2Z
] (A5b)
Γ(B′ → hb′) = λ
1
2 (m2B ,m
2
h,m
′
b
2
)
16pi
1
mB
[(
|yˆ1|2 + |yˆ2|2
) (
1− r2h + r2b
)
+ 4Re[yˆ1yˆ2]rb
]
(A5c)
where λ(x, y, z) is the Ka¨lle´n function
λ(x, y, z) := x2 + y2 + z2 − 2xy − 2xz − 2yz,
16
ri := mi/mB , and the couplings with circumflexes take into account the rotation to the mass basis. Note that as the
corrections to the masses are extremely small [see eq. (11)], the distinction between mb,B and m
′
b,B is omitted in the
above partial widths. Explicitly, the couplings appearing in eqs. (A5a) to (A5c) are
gˆW = f
mb
m2B
g2√
2
, (A6a)
gˆZl = 2f
mb
m2B
(
gZB − gZl,b
)
, gˆZr = 2f
1
mB
(
gZr,b − gZB
)
, (A6b)
yˆ1 = −f 1
mB
yb√
2
− f2 1
mB
mb
m2B
v3
2Λ
, yˆ2 = −f mb
m2B
yb√
2
+
v3
2Λ
. (A6c)
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